In eukaryotes, DNA damage induced by ultraviolet light and other agents which distort the helix is removed by nucleotide excision repair (NER) in a fragment ϳ25 to 30 nucleotides long. In humans, a deficiency in NER causes xeroderma pigmentosum (XP), characterized by extreme sensitivity to sunlight and a high incidence of skin cancers. Abasic (AP) sites are formed in DNA as a result of spontaneous base loss and from the action of DNA glycosylases involved in base excision repair. In Saccharomyces cerevisiae, AP sites are removed via the action of two class II AP endonucleases, Apn1 and Apn2. Here, we provide evidence for the involvement of NER in the removal of AP sites and show that NER competes with Apn1 and Apn2 in this repair process. Inactivation of NER in the apn1⌬ or apn1⌬ apn2⌬ strain enhances sensitivity to the monofunctional alkylating agent methyl methanesulfonate and leads to further impairment in the cellular ability to remove AP sites. A deficiency in the repair of AP sites may contribute to the internal cancers and progressive neurodegeneration that occur in XP patients.
In eukaryotes, DNA damage induced by ultraviolet light and other agents which distort the helix is removed by nucleotide excision repair (NER) in a fragment ϳ25 to 30 nucleotides long. In humans, a deficiency in NER causes xeroderma pigmentosum (XP), characterized by extreme sensitivity to sunlight and a high incidence of skin cancers. Abasic (AP) sites are formed in DNA as a result of spontaneous base loss and from the action of DNA glycosylases involved in base excision repair. In Saccharomyces cerevisiae, AP sites are removed via the action of two class II AP endonucleases, Apn1 and Apn2. Here, we provide evidence for the involvement of NER in the removal of AP sites and show that NER competes with Apn1 and Apn2 in this repair process. Inactivation of NER in the apn1⌬ or apn1⌬ apn2⌬ strain enhances sensitivity to the monofunctional alkylating agent methyl methanesulfonate and leads to further impairment in the cellular ability to remove AP sites. A deficiency in the repair of AP sites may contribute to the internal cancers and progressive neurodegeneration that occur in XP patients.
Abasic (AP) sites arise in DNA at a substantial rate by spontaneous hydrolysis of the N-glycosylic bond, and it has been estimated that as many as 10 4 purines are lost spontaneously in a human cell per day (27) . AP sites are also formed in DNA as intermediates in base excision repair (BER), which removes damaged bases formed by oxidation and alkylation. The first step of BER involves the action of a DNA glycosylase which catalyzes the hydrolysis of the N-glycosylic bond linking the damaged base to the deoxyribose phosphate backbone. The ensuing AP site is recognized by a class II AP endonuclease which cleaves the phosphodiester backbone on the 5Ј side of the AP site, leaving a 3Ј-hydroxyl group and a 5Ј-baseless deoxyribose 5Ј-phosphate residue. Removal of the deoxyribose 5Ј-phosphate residue, followed by DNA repair synthesis and ligation, completes the repair process (6, 39, 45) .
Two class II AP endonucleases, Apn1 and Apn2, have been identified in the yeast Saccharomyces cerevisiae. Apn1 represents the major AP endonuclease activity in yeast, and it shares extensive homology with Escherichia coli endonuclease IV (31, 32) . Apn2 is an homolog of E. coli exonuclease III and of human HAP1 (REF1) AP endonuclease (3, 23) . Genetic and biochemical studies have indicated that Apn1 and Apn2 constitute alternate pathways for the removal of AP sites in yeast (23) .
In contrast to BER, which removes damaged bases which do not perturb the helical structure of DNA, nucleotide excision repair (NER) removes DNA damages that cause significant distortion of the helix (36) . For example, NER removes cyclobutane pyrimidine dimers and (6-4) photoproducts formed by ultraviolet light and is also involved in the removal of intrastrand and interstrand cross-links and bulky adducts formed in DNA upon treatment with a variety of chemical agents. NER is a highly conserved process among eukaryotes from yeast to humans (36) . In S. cerevisiae, NER is accomplished via the concerted action of the following: Rad14, RPA, the Rad4-Rad23 complex, and the Rad7-Rad16 complex, all of which function in DNA damage recognition (5, 11, 12, (14) (15) (16) 22) ; TFIIH, which contains the Rad3 and Rad25 DNA helicases, essential for DNA unwinding (41) ; and the Rad1-Rad10 and Rad2 nucleases (18, 42, 43) which incise the damaged strand on the 5Ј and 3Ј sides of the lesion, respectively (2, 17) . Both in yeast and humans, dual incision by the NER ensemble results in the release of an oligonucleotide fragment ϳ25 to 30 nucleotides long (10, 28, 29) .
In humans, a defect in NER results in xeroderma pigmentosum (XP). XP individuals are extremely sensitive to sunlight, and the frequencies of basal cell carcinoma, squamous cell carcinoma, and melanoma of the skin are increased 1,000-fold or more in these patients (24, 25) . XP patients also manifest an increase in the incidence of cancers in sites not exposed to UV radiation, and there is a disproportionate increase in the frequency of malignant neoplasms of the brain and other parts of the central nervous system and extraglossal oral cavity in these individuals (24, 25) . These observations have suggested the involvement of NER in the removal of non-UV-related DNA damage. Because AP sites are formed so frequently in mammalian cells, here we utilize the yeast system to examine the role of NER in the removal of AP sites in eukaryotes. Our studies indicate that Apn1, Apn2, and NER constitute alternate competing pathways for the removal of AP sites in yeast.
MATERIALS AND METHODS
Yeast strains and plasmids. All yeast strains used in this study were derived from EMY74.7 (MATa his3-⌬1 leu2-3,112 trp1⌬ ura3-52). Deletion mutations were generated in yeast using the gene replacement method (34) and the URA3 gene blaster (1) . The plasmids used for constructing a genomic deletion mutation of APN1 and APN2, pPM750 and pPM838, respectively, have been described previously (23) . Genomic deletions of the RAD2, RAD4, and RAD14 genes were generated by using plasmids pR2.35, pDG38, and pR14.4, respectively.
MMS sensitivity and mutagenesis. For determining sensitivity to methyl methanesulfonate (MMS) and for measuring the rate of MMS-induced forward mutations at the CAN1 locus, cells were grown overnight in YPD (yeast extractpeptone-dextrose) medium, sonicated to disperse clumps, washed, and resuspended in 0.05 M KPO 4 buffer, pH 7.0. Appropriate dilutions of 0.5 ml MMS at two times the desired final concentration were added to 0.5-ml suspensions of cells adjusted to 3 ϫ 10 8 cells per ml and incubated with vigorous shaking at 30°C for 20 min. The reaction was terminated by the addition of 1 ml of 10% sodium thiosulfate. Appropriate dilutions of cells were plated on YPD medium for viability determinations and on synthetic complete medium lacking arginine but containing canavanine for determining the frequency of can1 r mutations. Plates were incubated at 30°C and counted after 3 and 4 or 5 days for viability and mutagenesis determinations, respectively.
Alkaline sucrose gradients. ). Growth of strains, conditions for treatment with MMS, preparation of spheroplasts, alkaline sucrose gradient sedimentation procedures, and processing of samples were as previously described (23, 44) .
RESULTS
Inactivation of NER enhances the sensitivity of apn⌬ strains to alkylation damage. The various NER proteins in yeast are part of tightly associated multiprotein complexes that can be purified intact and which have been named nucleotide excision repair factors (NEFs). NEF1 consists of the damage recognition protein Rad14 and the Rad1-Rad10 endonuclease (13), NEF2 is comprised of the Rad4 and Rad23 proteins (10) , and NEF3 contains the Rad2 endonuclease and TFIIH (19) . To examine the role of NER in the repair of AP sites, we constructed genomic deletion mutations of RAD14, RAD4, and RAD2, each of which encodes one component of these NEFs, and tested the sensitivity of these mutant strains, singly and in combination with the apn1⌬ and apn2⌬ mutations, to the alkylating agent MMS. MMS alkylates, in particular, adenine at the N3 position, forming 3-methyl adenine (3MeA), and guanine at the N7 position, forming 7-methyl guanine (7MeG). An N-methyl purine DNA glycosylase removes these and a variety of other alkylated bases (4, 35) . The resulting AP sites can then Each curve represents the average of two or more experiments for each strain. Symbols: F, EMY74.7 (wild type); E, YRP190 (apn1⌬); s, EMY75 (rad2⌬); ᮀ, YR4-1 (rad4⌬); ‚, YR14-21 (rad14⌬); , YR2-46 (apn1⌬ rad2⌬); ƒ, YR4-21 (apn1⌬ rad4⌬); OE, YR14-25 (apn1⌬ rad14⌬). (B) MMS sensitivity of various apn2⌬ rad⌬ yeast strains. Conditions were as described above for panel A. Symbols: F, EMY74.7 (wild type); E, YRP263 (apn2⌬); s, EMY75 (rad2⌬); ᮀ, YR4-1 (rad4⌬); ‚, YR14-21 (rad14⌬); , YR2-55 (apn2⌬ rad2⌬); ƒ, YR4-31 (apn2⌬ rad4⌬); OE, YR14-34 (apn2⌬ rad14⌬). (C) MMS sensitivity of various apn1⌬ apn2⌬ rad⌬ strains. Conditions were as described above for panel A. Symbols: F, EMY74.7 (wild type); E, YRP269 (apn1⌬ apn2⌬); s, EMY75 (rad2⌬); ᮀ, YR4-1 (rad4⌬); ‚, YR14-21 (rad14⌬); , YR2-53 (apn1⌬ apn2⌬ rad2⌬); ƒ, YR4-29 (apn1⌬ apn2⌬ rad4⌬); OE, YR14-32 (apn1⌬ apn2⌬ rad14⌬). The survival curves for rad2⌬, rad4⌬, and rad14⌬ strains are indistinguishable.
be removed by the APN1-or APN2-encoded endonucleases or by the action of the NER ensemble.
As shown in Fig. 1A , deletion of any of the NER genes confers a modest level of sensitivity to MMS that is intermediate between that of the wild type and the apn1⌬ strain. However, yeast strains carrying a deletion of the APN1 gene and a deletion of any of the NER genes exhibit a synergistic increase in MMS sensitivity, suggesting that Apn1 and NER compete for the repair of AP sites. By contrast, deletion of APN2 alone has no effect on MMS sensitivity and deletion of APN2 in NER-defective mutants also does not cause a further increase in MMS sensitivity (Fig. 1B) . This suggests that at these MMS concentrations, in the absence of both Apn2 and NER, Apn1 alone can remove most of the AP sites.
We next examined the MMS sensitivity of rad2⌬, rad4⌬, or rad14⌬ mutations in combination with the apn1⌬ apn2⌬ mutations. As shown in Fig. 1C , simultaneous deletion of APN1 and APN2 causes a large increase in MMS sensitivity, and introduction of the rad2⌬, rad4⌬, or rad14⌬ mutation into the apn1⌬ apn2⌬ strain causes a further enhancement in MMS sensitivity. These observations suggest that in the absence of Apn1, yeast cells depend heavily upon Apn2 and NER for repairing AP sites.
Inactivation of NER enhances MMS-induced mutagenesis in apn⌬ strains. Since AP sites are noncoding, they present a block to the DNA replicational machinery. Replication through such sites could occur by translesion synthesis by the REV3-REV7-encoded DNA polymerase (23) , or the gap left opposite the AP site may be filled in by a recombinational mechanism or by a "copy choice" type of DNA synthesis in which the undamaged sister duplex is used as the template for copying the missing information (20) . Previously, we have shown that AP sites are highly mutagenic, and consequently, the frequency of MMS-induced mutations is greatly elevated in the apn1⌬ apn2⌬ strain over that in the wild-type strain (23).
FIG. 2. MMS-induced mutations at the CAN1 locus. Cells grown overnight in
YPD medium were treated with MMS at the concentrations indicated for a 20-min period. Appropriate dilutions were spread onto YPD plates for viability determinations and onto synthetic complete medium lacking arginine and containing canavanine for the determination of CAN1 s to can1 r mutagenesis. Each curve represents the average of three or more experiments for each strain. (A) Enhanced can1 r mutagenesis in the apn1⌬ rad14⌬ strain. Symbols: F, EMY74.7 (wild type); E, YRP190 (apn1⌬); ‚, YR14-21 (rad14⌬); OE, YR14-25 (apn1⌬ rad14⌬). (B) can1 r mutagenesis in the apn2⌬ rad14⌬ strain. Symbols: F, EMY74.7 (wild type); E, YRP263 (apn2⌬); ‚, YR14-21 (rad14⌬); OE, YR14-34 (apn2⌬ rad14⌬). (C) Enhanced can1 r mutagenesis in the apn1⌬ apn2⌬ rad14⌬ strain. Symbols: F, EMY74.7 (wild type); ‚, YR14-21 (rad14⌬); E, YRP269 (apn1⌬ apn2⌬); OE, YR14-32 (apn1⌬ apn2⌬ rad14⌬).
To further evaluate the role of NER in the removal of AP sites, we examined the effect of incorporation of the rad14⌬ mutation into the apn⌬ strains on the frequency of MMSinduced CAN1 s to can1 r mutations. As shown in Fig. 2A , the frequency of MMS-induced can1 r mutations was higher in the apn1⌬ rad14⌬ double mutant than in the apn1⌬ or rad14⌬ single mutant. The incorporation of the apn2⌬ mutation into the rad14⌬ strain, however, did not confer any increase in MMS-induced can1 r mutagenesis (Fig. 2B) , whereas the frequency of MMS-induced can1 r mutations increased sharply in the apn1⌬ apn2⌬ rad14⌬ strain over that in the apn1⌬ apn2⌬ strain (Fig. 2C) . For instance, whereas treatment with 0.01% MMS produced 90 can1 r mutants per 10 7 viable cells in the apn1⌬ apn2⌬ strain, this treatment produced 340 can1 r mutants per 10 7 viable cells in the apn1⌬ apn2⌬ rad14⌬ strain. Defective removal of AP sites in apn1⌬ rad14⌬ and apn1⌬ apn2⌬ rad14⌬ mutant strains. The enhancement in MMS sensitivity and in MMS-induced mutagenesis seen upon inactivation of NER in the apn1⌬ and apn1⌬ apn2⌬ strains is consistent with a role of NER in the removal of AP sites. To directly assess this, we examined the removal of AP sites in MMS-treated wild type, apn1⌬, rad14⌬, and apn1⌬ rad14⌬ strains and in the apn1⌬ apn2⌬ and apn1⌬ apn2⌬ rad14⌬ strains by sedimentation of DNA in alkaline sucrose gradients. Since NaOH hydrolyzes the phosphodiester bond near each AP site, the presence of AP sites can be evaluated by the size reduction in DNA upon sedimentation in alkaline sucrose gradients. Yeast cells were treated with 0.1% MMS for 20 min, and the sedimentation profile of DNA was examined immediately following this treatment or after a 2-h incubation period to allow time for DNA repair to occur. As has been shown previously (23) and reproduced here for comparison (Fig. 3A  and B) , incubation of MMS-treated wild-type cells for 2 h restores normal-sized DNA, indicating that all the AP sites have been repaired in this period (Fig. 3A) . The rate of removal of AP sites is lower in the apn1⌬ strain, as DNA is not restored to normal size after the 2-h incubation period (Fig.  3B) , whereas the rad14⌬ strain displays proficient repair of AP sites (Fig. 3C) . The rate of removal of AP sites, however, is reduced further in the apn1⌬ rad14⌬ strain (Fig. 3D ) than in the apn1⌬ strain (Fig. 3B) .
Because removal of the AP sites is severely impaired in the apn1⌬ apn2⌬ double mutant (23) , to examine the effect of inactivation of NER in this strain, we treated the apn1⌬ apn2⌬ and apn1⌬ apn2⌬ rad14⌬ cells with 0.04% MMS and examined the size of DNA in cells after a 2-h incubation period. Even at this low MMS concentration, the repair of AP sites is considerably reduced in the apn1⌬ apn2⌬ strain (Fig. 4A) , and this repair defect is further exacerbated in the apn1⌬ apn2⌬ rad14⌬ strain (Fig. 4B) . Interestingly, this triple mutant still repairs some of the AP sites (Fig. 4B) , suggesting that yeast cells harbor yet another AP endonuclease activity.
DISCUSSION
The results presented here provide evidence for the involvement of NER in the removal of AP sites in vivo in yeast, and they strongly suggest a similar role of NER in humans. Deletion of any of the yeast NER genes, RAD2, RAD4, or RAD14, increases the sensitivity of the apn1⌬ and apn1⌬ apn2⌬ strains to MMS. Consistent with this, the removal of AP sites is reduced in the apn1⌬ rad14⌬ double mutant compared to that in the apn1⌬ or rad14⌬ mutant strain, and the ability to repair AP sites is further impaired in the apn1⌬ apn2⌬ rad14⌬ strain over that in the apn1⌬ apn2⌬ or apn1⌬ rad14⌬ strain. From these observations, we conclude that Apn1, Apn2, and NER constitute alternate competing pathways for the repair of AP sites.
Because AP sites are noncoding, they represent a block to the normal DNA replication machinery. The simultaneous inactivation of the APN1 and APN2 genes results in a steep rise in the frequency of mutations induced in cells upon treatment with MMS. Since MMS-induced mutations are not recovered in the apn1⌬ apn2⌬ rev3⌬ or apn1⌬ apn2⌬ rev7⌬ strains, the REV3-REV7-encoded DNA polymerase functions in the mutagenic bypass of AP sites (23) . Here, we show that the frequency of MMS-induced can1 r mutations is higher in the apn1⌬ rad14⌬ strain than in the apn1⌬ or rad14⌬ strain, and mutation frequency is further elevated in the apn1⌬ apn2⌬ rad14⌬ strain over that in the apn1⌬ apn2⌬ strain. Thus, inactivation of NER in the apn1⌬ or apn1⌬ apn2⌬ strain causes a pronounced decrease in cellular ability to remove AP sites, resulting in enhanced mutagenesis.
In vitro studies with human cell extracts have indicated that a large variety of lesions-AP sites, N 6 -methyladenine, O 6 -methylguanine, DNA mismatches, 8-oxoguanine, and thymine glycol-can be removed by the human NER system (21, 33) . Our studies provide evidence for the involvement of NER in the removal of AP sites in eukaryotic cells, and they indicate that in vivo, NER competes with Apn1 and Apn2 for the removal of AP sites. The frequency of spontaneous GC-to-TA mutations is increased in the yeast ogg1⌬ rad14⌬ double mu- tant over that in either single mutant, suggesting a role for NER in the removal of 8-oxoguanine as well (38) .
In addition to the large increase in the incidence of skin cancer, XP patients experience an increase in the occurrence of cancers in sites not exposed to UV radiation. The frequency of cancers of the brain and other regions of the central nervous system is elevated about 50-fold, and there is a Ͼ100-fold increase in the frequency of cancers of the oral cavity (excluding tongue and lip) in XP patients (24, 25) . The role of NER in the removal of DNA damage from internal organs is also supported from studies on XPA Ϫ/Ϫ mice, where the frequency of spontaneous mutations in liver as well as the incidence of hepatocellular adenomas increases as these mice age (7, 9) . The high frequency of spontaneous depurinations in mammalian cells may impose an even more significant role for NER in the repair of AP sites in humans than in yeast, and elevated mutability resulting from a deficiency in the removal of AP sites may contribute to the increase in the incidence of internal cancers in XP.
XP patients also suffer from progressive neurological abnormalities. Of the seven XP genes XPA through XPG, XPB and XPD encode the two DNA helicases present in transcription factor TFIIH (8, 37, 40) , and the XPG gene product is tightly associated with TFIIH (29) . Mutations in XPB, XPD, and XPG can also result in Cockayne's syndrome (26) , a disease characterized by growth retardation and by progressive neurological dysfunction and mental retardation (30) . Even though the neurological problems in these patients may result from a deficiency in some aspect of transcription, XPA patients also exhibit early onset of severe neurological abnormalities (26) , and there is no evidence for the involvement of XPA in any function other than NER. Because of the high rate of metabolic activity, neurons may experience considerable damage to their DNA from reactive oxygen species, and AP sites resulting from the action of DNA glycosylases on damaged bases may be repaired less efficiently in the absence of NER. Thus, a deficiency in the repair of AP sites may also contribute to the progressive neurological dysfunction in XP.
